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Introduction
Since the first report by Terenin and Ermolaev, benzophenone (BP)/naphthalene (NP) systems have been widely used as models to study inter-and intra-molecular singletsinglet and triplet-triplet energy transfer processes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Thus, Shizuka and coworkers have intensively investigated the sensitization of the NP triplet by BP, the behavior of the triplet-excited states of BP and NP and their interactions. The decay of the triplet state of NP was implied to occur by interaction with ground state BP through a loose sandwich-like structure [9] [10] [11] [12] . This type of quenching, claimed different from electron or energy transfer, is inherent to the excited state interactions of BP and NP triplet states [4] [5] [6] [7] [8] [9] [10] [11] [12] .
In covalently linked, flexible BP-NP dyads the decay of the NP triplet state ( 3 NP) will thus be governed by a folding process through which the 3 NP can p-interact with ground state BP. By using this concept we have shown that in chiral BP-NP systems stereospecific photophysical processes occur [16] . This was shown by monitoring the triplet state decay of two diastereomeric compounds (1SS and 2SR, Chart 1) that consist of S-ketoprofen (KP) and S or R-naproxol (NPX). Unfortunately, the early photophysical events and potential stereoselective excited state effects in these dyads could not be monitored so far due to experimental limitations. Here, we wish to report on femtosecond transient absorption spectroscopy of the early events in these two stereoisomeric compounds 1SS and 2SR, and the analysis thereof with spectrotemporal parameterization.
Experimental
Compounds 1SS and 2SR were synthesized by condensation of (2S)-2-(3-benzoylphenyl)-propanoic acid [(S)-ketoprofen, KP(S)] and (2S)-or (2R)-2-(6-methoxy-2-naphthyl)propan-1-ol [(R) or (S)-naproxol, NPX(R) or NPX(S)] following a previously reported procedure [16] . Briefly, (R) and (S)-naproxol were condensed with C NMR; the spectra were identical to those reported in the literature.
Femtosecond transient absorption experiments were performed with a Spectra-Physics Hurricane Titanium: Sapphire regenerative amplifier system. The full spectrum setup was based on an optical parametric amplifier (Spectra-Physics OPA 800) as the pump. The residual fundamental light, from the pump OPA, was used for white light generation, which was detected with a CCD spectrograph (Ocean Optics). The OPA was used to generate excitation pulses at 355 nm. The laser output was typically 5 lJ pulse À1 (130 fs FWHM) with a repetition rate of 1 kHz. The samples were placed into cells of 2 mm path length (Hellma) and were stirred with a 'finger'. The concentrations of the compounds 1SS and 2SR were fixed by adjusting the absorbance of the solution at an arbitrary value between 0.8 and 1. The UV-Vis absorption spectra of the samples were measured before and after the laser experiments and were found to be virtually identical, thus ruling out a possible degradation or chemical change of the samples. All photophysical data reported here have a 5-10% error limit, unless indicated otherwise.
Global and target analysis
All time-gated spectra were collated in a matrix, which was globally fitted using a sequential kinetic scheme with increasing lifetimes. From this the lifetimes and the evolution associated difference spectra (EADS) were estimated. The instrument response function (IRF) is described by a GAUSSIAN shape, and the white light dispersion over the spectral range is modeled by a third order polynomial. With increasing lifetimes, and thus decreasing rates, the first EADS decays with the first lifetime and corresponds to the difference spectrum at time zero with an ideal infinitely small IRF. The second EADS is formed with the first lifetime and decays with the second lifetime, etc. The final EADS represents the difference spectrum of the longest living species. The error in the lifetimes obtained from the fitting procedure does not exceed 10%. EADS may not represent pure species, except for the final EADS, and they are interpreted as a weighted sum (with only positive contributions) of species-associated difference spectra (SADS). The quality of the fit was judged by inspection of the singular vectors of the matrix of residuals, which had to be structureless. Next, a kinetic scheme was used in the target analysis in combination with spectral assumptions to estimate microscopic rate constants and SADS. As a further refinement, to deal with fluctuations in the pump-probe overlap, we used the estimated SADS to fit the original data-matrices, with the help of a spectral model. Finally, 
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the thus estimated concentration profiles were again fitted with the kinetic scheme. A full description of the method has been given elsewhere [17, 18] .
Results and discussion
A 3D surface-plot representation of the femtosecond transient absorption spectra of 2SR and of KP obtained using selective KP excitation at 355 nm is presented in Fig. 1 Fig. 2 selected time-gated spectra at different delay times of 2SR and KP are presented. Comparison of the two 3D surface-plots (Fig. 1 ) and the two sets of spectra in Fig. 2 clearly shows the overall conversion of the singlet excited state of KP ( 1 KP) absorbing at 570 nm, into 3 KP (530 nm) and the subsequent formation of 3 NPX (440 nm) in 2SR. The similarity of the spectra of 2SR and KP at early times is in accordance with selective KP excitation. A close inspection of the traces at 15 ps, however, shows that on this timescale already competing processes are occurring, as demonstrated by the small peak at 440 nm. A kinetic analysis of the data-matrices belonging to 1SS and 2SR is in agreement with this observation as the evolution associated difference spectra (EADS) belonging to the 8.5 ± 0.5 ps component clearly contain a small spectral contribution at 440 nm (see Fig. 3a ). As this feature cannot be attributed to the 3 KP, it indicates a 6.1 ± 0.4% direct transfer of 1 KP to 3 NPX. This was observed for both 1SS and 2SR.
On the basis of these observations, a spectral and kinetic model was implemented in the analysis of the data-matrices 
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of KP, 1SS and 2SR. The results of this analysis yields species associated difference spectra (SADS) and kinetic parameters belonging to the different species.
The SADS of KP are represented in Fig. 3b . Apart from a Raman signal which follows the excitation pulse, also a 250 fs component was observed, with very similar spectral features as the S 1 ! S n absorption. We tentatively attribute this to intra-molecular vibrational relaxation within the singlet manifold (a similar 250 fs component was observed for all compounds. There are no distinctive solvent relaxation induced spectral shifts in the first two picoseconds). The S 1 ! S n absorption and the T 1 ! T n absorption on a relative e-scale are represented in Fig. 3b . The band at 570 nm can easily be assigned to the ketoprofen singlet-singlet absorption, by comparison with the observations of Masuhara who applied the femtosecond grating spectroscopy technique to benzophenone [19] . The 530 nm band is attributed to the ketoprofen triplet-triplet absorption, which has been previously reported by e.g. Scaiano [20] .
The SADS of 2SR are represented in Fig. 3c . The similarity to KP of the first S 1 ! S n absorption and the T 1 ! T n absorption components is clear. The third component can be attributed to the 3 NPX. The transient absorption spectrum is very similar to that of naphthalene itself [16] . If we assume a 100% efficiency of triplet energy transfer we can estimate a ratio of the extinction coefficients of the triplet-triplet absorption of the KP and NPX triplet states of 3. This agrees well with the reported values [21] of the extinction coefficients of the triplet states of benzophenone and 2-methoxynaphthalene (7220 and 21 400). 
The spectral and kinetic parameters indicate that the triplet state formation within the KP chromophore (8.5 ps) is accompanied by a $6% fast transfer to the 3 NPX, and the 3 KP to the 3 NPX energy transfers occur with times of 380 ± 60 ps for 1SS and 310 ± 30 ps for 2SR. Thus the major triplet energy transfer rates are only slightly different. A comparison of the kinetic data at selected wavelengths with fits is represented in Fig. 4 , as an illustration of the similarity of the dynamics of the fast processes in the two compounds.
In Fig. 5 the concentration profiles of the three species present in the excited state of 2SR are represented. Whereas the figure clearly shows the conversion of the 1 KP into the 3 KP, it is accompanied by a small percentage of 3 NPX formation. Note that the concentration of 3 NPX is already substantial at 20 ps.
Based on these data, the major energy transfer rate constants, k en , were calculated by using the following equation: (The average value thus is k $ 3 · 10 9 s À1 .) As the Fö rster (coulombic) energy transfer mechanism is expected to have a negligible contribution due to the very low molar absorption coefficients of the ground state to triplet state transition which results in a very low spectral overlap integral, the appropriate mechanism must be Dexter-type (double electron exchange).
The singlet state of NPX is not formed by excitation as it does not absorb at 355 nm. Furthermore, its lifetime is much longer than the NPX triplet state formation observed in the dyad systems, implying the absence of (thermally activated) singlet-singlet energy transfer.
We can conclude that although the slow decay of the NPX triplet state in the dyads 1SS and 2SR is dominated by conformational folding effects that are strongly influenced by the stereo-centers present in the linking bridge, the NPX triplet state formation is governed by electronic effects. As the T-T energy transfer must proceed through a Dexter-type mechanism the electronic coupling in the two stereoisomers clearly is very similar. Surprisingly, a 6% component of fast (8.5 ps) energy transfer from singlet KP to the triplet of NPX is observed. Fast energy transfer processes that defy the spin selection rules have been observed before [23] . The major energy transfer pathway, however, is via the triplet state of KP and proceeds in 310 (2SR) and 380 ps (1SS).
Chart 2 summarizes the photophysical events that occur in the ketoprofen naproxol dyads: after 355 nm excitation a fast (250 fs) vibrational relaxation leads to the ketoprofen singlet state that decays in 8.5 ps. This decay mainly results in the ketoprofen triplet state formation by intersystem crossing but also small amount of singlet-triplet energy transfer from KP to NPX is observed. The triplet of KP then transfers its energy with s's of 310 (2SR) and 380 
